ABSTRACT: Four multiparous, ruminally fistulated Angus x Hereford cows (average BW = 568 kg) were bred to the same bull and used to monitor periparturient changes in DMI, ruminal capacity, and digestion and fermentation characteristics. Cows were individually fed alfalfa hay (16.0% CP, 51.3% NDF) at 130% of the average DMI of the previous 5-d period. Ruminal capacity and DM fill were measured once every 2 wk by removing the ruminal contents from each cow and filling the empty rumen with water. Dry matter intake was measured daily. Ruminal VFA, pH, NH3, and total tract DM digestibility (DMD) were measured during three 7-d periods (average of 58 d before calving, 16 d before calving, and 25 d after calving). Ruminal capacity and DM fill varied in a quadratic manner ( P < .Ol); both were least 6 d before calving. Forage DMI (quadratic effect; P = .02) increased moderately during the prepartum period but increased dramatically after parturition. Although postpartum ( d 22) ruminal capacity was only 5% greater than at 61 d before calving, postpartum DMI was 69% greater than DMI measured 61 d before calving. Indigestible ADF (IADF) passage rate changed quadratically with period ( P = .Ol); the greatest IADF passage rate was observed 6 d before calving. Ruminal VFA (mM) also tended to change quadratically ( P = .08); the highest concentrations occurred 25 d after calving. The acetate:propionate ratio declined linearly with period ( P = .O 1). Ruminal fluid dilution rate, pH, N H 3 , and DMD did not change significantly over time. In conclusion, the observed patterns and magnitude of changes in ruminal capacity and DMI are interpreted as indicating that factors other than ruminal capacity and distension, per se, play a critical role in causing intake changes during the periparturient period.
Introduction
Because late pregnancy and early lactation are the two periods of greatest nutrient demand by beef cows (Wiltbank et al., 1962; NRC, 19841 , knowledge of how forage intake changes during the periparturient period is needed to optimize pre-and postpartum nutrition. Although a number of researchers have not observed decreased intake prepartum (Arnold and Dudzinski, 1967; Curran et al., 1970; Hunter and Siebert, 19861 , others have reported decreased intake during late pregnancy (Campling, 1966; Forbes, 1970b; Weston, 198833) . Decreased intake is often attributed to from the Kansas Agric. Exp. Sta. 'The authors thank Lloyd Manthe for his assistance in 3Present address: Dept. of Anim. Sci., VPI, Blacksburg, VA 4To whom correspondence should be addressed. 5Present address: Dept. of Anim. Sci., Univ. of Kentucky, two injections (10 d apart) of prostaglandin Fza (Lutalyse, Upjohn, Kalamazoo, MI) . After the second injection, all cows were exposed to one Angus bull for 14 d. The cows were determined, by rectal palpation, to be pregnant within 90 d after the end of the breeding season. Each cow was approaching 4 yr of age at the beginning of the experiment and had previously delivered two calves. On December 1, approximately 71 d before calving, cows were penned individually inside a temperature-controlled room (average temperature 10°C; 11 h light: 13 h dark) in 3.5-m x 3.5-m pens. Throughout the trial, cows were fed chopped alfalfa hay (Medicago satiua; 16.0% CP and 51.3% NDF on a DM basis; average approximate length = 9 cm) from a single cutting. Hay was maintained in a covered barn until it was chopped. The cows had ad libitum access to hay by providing each cow 130% of its average daily intake determined from the previous 5-d period. Orts were weighed and sampled immediately before daily feeding at 1430. Water and trace mineral salt6 were available free choice. Cows were weighed after each fecal collection period after being restricted from water for 18 h (time relative to calving was, on the average, 52 and 9 d before calving and 32 d after calving). Additionally, body condition was scored by a single observer using a 9-point scale (1 = extremely emaciated and 9 = extremely obese; Neumann and Lusby, 1986) . All cows calved within 14 d of each other.
Materiak and Methods. Ruminoreticular fill, ruminal indigestible ADF passage rate, and ruminal capacity were measured every 2 wk. Ruminoreticular fill was measured by manually removing the digesta, immediately before the daily feeding, via the ruminal fistula, and weighing the contents. Triplicate samples of ruminal contents were collected, after which samples were weighed and dried for 72 h at 50°C to determine DM. Ruminal fluid fill was estimated by the difference between total ruminal fill and ruminal DM fill. Ruminal indigestible ADF (IADF) passage rate was measured as the ratio of the average intake of IADF (5-d average immediately preceding the capacity estimate) and ruminal fill of IADF. Ruminoreticular capacity was estimated by measuring ruminoreticular water-holding capacity. Capacity was determined every 2 wk by filling the empty rumen with water as described by Tulloh and Hughes (1965) , with the exception that a rotary gear pump (Barrel Accessories and Supply, Chicago, IL) was used to fill and empty the ruminoreticulum. A ruminal cannula cap was modified to allow entry of two hoses into the rumen and to permit filling the entire ruminoreticular space. The first hose ( 5 cm i.d.1 carried water to and from the pump, and the second hose ( 1.3 cm i. d. ) was held vertically. The rumen was 696% NaC1, . 2 8 Mn, .1% Fe, .l% Mg, ,0596 S, ,0258 Cu, .01% Co, .008% Zn, .007% I. determined to be full when the water level in the second hose reached a premarked line, which was held even with the dorsal midline of the animal.
Blood was collected from each cow every 3rd d from an average of 71 to 15 d before calving. Blood was collected daily from 15 d before calving to an average of 26 d after calving. Blood was taken by jugular venipuncture and was collected in untreated and sodium fluoride-treated 10-mL tubes (Vacutainer Systems, Becton Dickinson, Rutherford, NJ; 20 mg of potassium oxalate and 25 mg of sodium fluoride as an anticoagulant). The blood in untreated tubes was allowed to clot while refrigerated (5°C) and it was centrifuged within 24 h after collection to isolate serum. Samples for separating plasma were refrigerated immediately ( 5 "C) and centrifuged within 1 h of collection. Both serum and plasma were harvested from their respective tubes immediately after centrifugation and placed in 20-mL plastic scintillation vials for storage ( -20°C) .
Total fecal output was estimated at three different times during the experiment. Cows were, on the average, 58 and 16 d before calving and 25 d after calving. Fecal output was estimated by continuous infusion of Co-EDTA into each cow's rumen as a marker, using portable, battery-operated, infusion pumps (Siropump, Everest Electronics, Seaford, South Australia). Pumps and infusate reservoir bottles were housed in aluminum boxes (25 cm x 25 cm x 10 cm; 2.4 kg total weight) that were strapped to each cow's back, just above the ruminal cannula. The marker was dissolved in a 23% (wt/wt) NaCl solution that was pumped into the rumen at an average rate of 3.5 mL1 h, such that 11.1 mg of Co was infused into the rumen per hour. The NaCl solution was used because large quantities of infusate were made to accommodate the needs of the present trial as well as a companion trial. The NaCl solution aided in preventing the infusate from freezing in the companion (outdoor) trial. After an 8-d equilibration period, fecal grab samples were obtained daily at 1330 for 7 d. The ability of this approach to yield accurate estimates of total fecal output was verified by Brandyberry et al. (1992) . Fecal samples were dried for 72 h in a forced-air oven at 50°C. Three to four days after the last fecal grab sample, ruminal fermentation characteristics and fluid dilution rates were determined. Cows were pulsedosed intraruminally just before feeding with .6 g of Co-EDTA in 179 mL of the infusate described above, as a fluid flow marker. Ruminal fluid samples were drawn by suction strainer from three areas in the ventral rumen just before dosing ( 0 h ) and at 3, 6, 9, 12 , and 24 h after dosing. All samples were analyzed for pH at the time of sampling using a portable pH meter (Model No. SA230, Orion Research, Boston, MA) . Samples were divided into three aliquots for subsequent analyses; 12 mL of each sample was frozen for Co analysis, 8 mL was combined with 2 mL of 25% (wtivol) metaphosphoric acid and frozen for VFA analysis, and 2 mL of each sample was combined with 8 mL of .1 N HC1 and frozen for NH3 N analysis. Cows had free access to feed, water, and their calves (d 25) throughout the sampling process.
Laboratory Analyses. Forage, orts, fecal, and ruminal samples were ground through a small impact mill (Cyclotec, Tecator, Herndon, VA) to pass a .5-mm screen. Samples were analyzed for DM and ash content by AOAC ( 19 8 0 procedures; all subsequent analyses were expressed as a percentage of DM. Crude protein was determined as Kjeldahl N (AOAC, 1980) x 6.25, and NDF was determined as described by Robertson and Van Soest (1981) . Indigestible ADF was isolated from all samples by the procedures of Cochran et al. (19861, with the exceptions that 100-mL plastic centrifuge tubes fitted with Bunsen valves were used instead of glass, screw-capped tubes and 200 mL rather than 100 mL of detergent solution was used. The rumina! fluid used for the in vitro incubation was collected approximately 4 h after feeding from a ruminally fistulated steer maintained on a diet of 80% alfalfa and 20% cracked corn. Cobalt was extracted from fecal samples with a 3 M HC1: 3 M HNO3 mixture (Ellis et al., 19801 , and Co concentration was measured by atomic absorption spectrophotometry using an air-plus-acetylene flame.
Serum progesterone and estradiol-170 concentrations were determined by validated RIA (Perry et al., 1991) . The intra-and interassay CV for progesterone samples quantified in two assays averaged 1.31 and .72%', respectively. The intra-and interassay CV for estradiol-170 averaged .95 and 1.52%, respectively. Plasma glucose and urea N were determined by a commercial laboratory using automated enzymatic procedures (Roche Biomedical Laboratories, Burlington, NC).
Ruminal fluid samples were thawed and centrifuged at 39,000 x g for 10 min. Ammonia N concentrations in supernatant fluid were determined on an autoanalyzer (Technicon, Tarrytown, NY) using a hypochlorite method (Broderick and Kang, 1980) . Ruminal VFA were measured by gas chromatography as described by Jacques et al. (1987) . Cobalt concentrations in ruminal fluid were determined by atomic absorption spectrophotometry using an air-plus-acetylene flame. Natural logarithms of these concentrations were regressed against sampling time to calculate fluid dilution rates (Warner and Stacey, 1968) .
Statistical Analyses. Response variables measured
on a frequent basis (daily or several times per week; DMI, blood metabolites, and hormones) were summarized as means of 2-wk periods to correspond with times of ruminal capacity measurements. Means from each cow were expressed relative to the time the cow actually calved and were analyzed accordingly. The mean of each blood metabolite and hormone for each cow consisted of observations falling within k 4 d of each capacity estimate. The mean DMI value for each cow consisted of the intakes measured on the 5 d before the capacity estimate. The experimental design was a randomized complete block with animal as the blocking factor. Terms in the model (for all variables except fermentation characteristics) were animal and period, both of which were tested by the residual error (animal x period). Period effects were separated using linear, quadratic, and cubic orthogonal contrasts. Because digestibility and fermentation characteristics were only monitored during three periods, only linear and quadratic contrasts were used in evaluating period effects. Furthermore, because calving date was unknown when digestibility and fermentation measurements were initiated, these variables are expressed relative to the average calving date (all cows calved within a 14-d period). Data were collected on all the cows in each of the three digestion periods. Ruminal fermentation characteristics were analyzed with splitplot analysis of variance. Terms in this model were animal, period, and sampling hour. Animal x period was used as the testing term for the whole plot, whereas residual error was used to test the sampling hour effect and its interaction with period. All data were analyzed using the GLM procedure of SAS (1988).
Results and Discussion
Dry Matter Intake, Indigestible Fiber Passage Rate, and Fluid Dilution Rate. Cow BW responded in a quadratic fashion ( P = .03) with advancing period (570, 583, and 550 f 6.5 kg for the first, second, and third fecal collection periods, respectively); however, body condition was not different ( P > .lo) across periods and averaged approximately 5.6 during the course of the experiment. Dry matter intake varied in a quadratic ( P = .02) manner across the periparturient period (Table 1) . Intake was smallest 61 d before calving, exhibited an upward trend until parturition, and was greatest when the trial ended at 22 d after calving. Observations of prepartum forage intake in our study contradict previous research with forage-fed sheep (Forges, 1970a; Weston, 198813) and cattle (Campling, 1966; Penzhorn and Meintjes, 19721 , for which feed intake declined in the weeks just before parturition. However, in our study, a noticeable decrease in DMI was observed on the day of calving (Figure 1> , but the response was short-lived. In contrast to reports of prepartum decreases in forages in forage intake, Hunter and Siebert (1986) reported no change in DMI by Brahman x Hereford cows with ad libitum access to oatenialfalfa hay (90 and 1096, respectively, in the mixture) in the final trimester of gestation. Similarly, sheep carrying single fetuses did not reduce intake of a forage-based diet immediately before parturition (Hadjipieris and Holmes, 1966 'Observed significance level for L = linear, Q = quadratic, and C = cubic effects of period. Bines, 1976; Hunter and Seibert, 1986) . Cattle typically reach a peak in postpartum feed intake after peak milk production, which generally occurs 35 to 50 d postpartum (Bines, 1976; Forbes, 1985) . An upward trend in postpartum DMI was apparent in our study, but the trial ended before the typical peak in lactation or postpartum DMI. Ruminal IADF passage rate also varied in a quadratic fashion ( P = .01l across the trial period. Indigestible ADF passage increased across the prepartum period and peaked just before calving. Postpartum IADF passage rate was slower than that measured just before calving, which reflects a greater proportional recovery of ruminal capacity than proportional increase in DMI. Particle passage rate has been reported to be faster (i.e., decreased retention time) in pregnant (Graham and Williams, 1962; Gonzalez et al., 1985; Faichney and White, 1988a; Gunter et al., 1990) and lactating (Weston, 1979) ewes than in nonpregnant, nonlactating control ewes maintained at the same level of intake. Although intake and IADF passage rate are confounded in our study, the changes in IADF passage rate that were observed seemed to play a significant role in the maintenance or increase of forage intake during the prepartum period. The pattern of change in fluid dilution rate also tended ( P = .19) to be quadratic (Table 2 ). The trend in fluid dilution rate noted in our study agrees with other observations with prepartum beef cows (Weston et al., 1983) and sheep (Faichney and White, 1988a1 , as well as with observations with periparturient ewes (Weston, 1979 (Weston, , 1988a .
Ruminal Capacity and Ruminal Fill. Ruminal water-holding capacity changed quadratically ( P < .Ol), decreasing from 61 d before calving to its nadir just before calving, then reaching its maximum level 8 d after calving (Table 1 ). The 20% decrease in ruminal capacity that we observed is less than the decrease in rumen size of pregnant sheep reported by Forbes (1968) . This may be a result partly from the fact that our experiment began an average of 71 d before calving (normal gestation length is 283 d), whereas Forbes (1968) Tulloh (1966a,b) noted greater ruminal capacity in lactating than in nonlactating cows. Our observations indicate a considerable increase in ruminal capacity after calving compared with just before; however, postpartum capacity did not differ greatly from ruminal capacity measured 61 d before calving. Although recovery of ruminal capacity after parturition compared with capacity immediately before parturition may affect postpartum DMI positively, it does not satisfactorily account for the magnitude of the increase. This is particularly true when one considers the similarity of postpartum capacity and that measured 2 mo before calving. Therefore, it seems likely that other factors (such as changes in nutrient demand and[orl hormonal status associated with pregnancy and lactation) are as important or more important than ruminal capacity in causing postpartum changes in DMI by beef cows consuming alfalfa hay. Similarly, the fact that DMI increased slowly during the prepartum period in the face of a consistent decline in ruminal capacity does not support capacity as the dominant factor regulating prepartum DMI.
There was a quadratic effect ( P < .O 1) of period on ruminal DM fill and a cubic effect ( P < .O 1) of period on total ruminal digesta fill and ruminal fluid fill (Table 1) . Ruminal DM and fluid fill were decreased just before calving; this decrease in ruminal fill might be expected in late pregnancy because this is the period during which the size of the fetus increases the most (Forbes, 1970b; Bauman and Currie, 1980) and when rate of passage is the fastest. Total and fluid fill as a percentage of capacity and DM fill as a percentage of capacity exhibited cubic ( P < .01) and quadratic (trend; P = .08) responses, respectively, over the same time period. In general, these ratios seemed to reach their prepartum peak approximately 1 mo before calving and then declined during the late prepartum period. Just after calving, fill expressed as a percentage of capacity (total, DM, and fluid) remained low but exceeded prepartum values by d 22 after calving. Although the pattern of change for these variables was somewhat erratic, the fact that fill expressed as a percentage of capacity varied significantly during this period raises additional doubt regarding the putative role of distension in governing intake changes during the periparturient period. Similarly, Ketelaars and Tolkamp (1 992) suggested that the concept that ruminal fill controls forage intake via a distension mechanism does not adequately account for observed variation in forage intake during pregnancy or lactation.
Observed responses in DMI, ruminal IADF passage, and fill relative to capacity in our study are interpreted to indicate that the movement of digesta through the gastrointestinal tract of pregnant beef cows is altered such that it compensates for loss of ruminal capacity caused by fetal growth in late gestation. Several potential mechanisms are possible by which increased rate of passage might occur. From a strictly physical standpoint, rate of passage could increase if forage intake remains relatively constant (or increases) but is accompanied by significant decreases in ruminal capacity. Faichney and White (1988a) suggested that either neural or hormonal factors might contribute to an increase in prepartum passage rates. They suggested that increased intraruminal pressure from the growth of the gravid uterus might enhance sensitivity to ruminal tension receptors. Endocrine involvement in rate of passage might occur via hormones secreted in large quantities during the periparturient period. Estradiol and prolactin are both secreted at high rates near the time of parturition and are associated with increased gut motility and(or) transit of digesta in ruminants (Forbes, 1986; Weston, 1988a) . These hormones may exert an influence on ruminal passage rates during the peripartum period.
Blood Metabolites and Hormones. Progesterone and estradiol concentrations changed in a quadratic ( P > .01) and cubic ( P < . O l > manner, respectively, with advancing period. The patterns of change observed in progesterone and estradiol in the periparturient period agree with reports by Corah et al. (1974) and Stevenson and Britt ( 19 79) . Although estradiol concentrations were quite high in the period surrounding parturition (Table 11 , intake did not seem to be affected negatively. Estradiol has reduced intake by sheep fed concentrate diets (Forbes, 1971) ; however, this decrease could not be repeated in sheep fed a forage-based diet, even with infusion of very high levels of estradiol (Forbes, 1971) . Furthermore, Forbes (1 986) reviewed data in which progesterone has been shown to moderate the deleterious effect of estradiol on feed intake. Bargeloh et al. (1975) increased prepartum DMI in Holstein cows by injections of progesterone near the time of parturition, when estrogen concentrations were high. It is possible, in our study, that progesterone may have moderated some of the potentially negative effects of estradiol on forage intake during the late prepartum period.
Plasma glucose concentration did not change appreciably ( P > . l o ) during the periparturient period (Table 1 ). The concentrations observed and the absence of change in glucose concentration with advancing period concurs with observations in pregnant sheep during the latter stages of pregnancy (Lynch et al., 1988) . However, Kube (1989) observed increased glucose concentrations in beef cows near the time of parturition, but those cows were maintained on a much higher plane of nutrition than cows in the present study. Plasma urea N increased linearly ( P =
.O 1) during the periparturient period, which is likely the result of increased protein intake and catabolism in the liver to meet the increased nutrient demand of the mammary gland with the onset of lactation. The concentrations of plasma urea N that we observed are similar to those reported by Gunter et al. (19901, although these authors noted a decrease in urea N during the periparturient period. This difference between experiments is perhaps because their sheep were limit-fed alfalfa hay, which may have limited the total quantity of protein reaching the liver for catabolism.
Ruminal Fermentation. There was a period x sampling hour interaction ( P < .05) for pH, acetate, and valerate. Nonetheless, graphical evaluation of the data indicated that these interactions were primarily a result of changes in the magnitude of period differences, rather than of changes in the manner in which period responded over sampling hour. Therefore, means were pooled across sampling hour and are summarized by period (Table 2) . Ruminal pH and NH3 N were not affected ( P > . l o ) by sampling period.
Previous studies with limit-fed sheep have shown decreased ruminal concentrations of NH3 N in late pregnancy and early lactation (Weston, 1979 (Weston, , 1988a ; these workers associated lower ruminal NH3 N with greater passage rates of digesta and increased levels of nonammonia N at the abomasum. Increased flow of nonammonia N to the abomasum has been reported in pregnant ewes at advanced stages of pregnancy compared with nonpregnant ewes or ewes at earlier stages of pregnancy (Faichney and White, 1988b) . In our study, increases in DMI may have maintained NH3 N concentrations, although the total quantity of protein flowing to the small intestine probably would have increased.
Total VFA concentrations were greater after calving, which was likely a result of higher rates of fermentation associated with increased substrate availability. Acetate, as a proportion of total VFA, decreased after calving; concurrently, propionate, butyrate, and the minor VFA made up a greater proportion of total VFA. As a result, the acetate: propionate ratio was lower after calving than before. Faichney and White (1988a) and Gunter et al. (1990) reported no change in proportions of VFA during the prepartum period in limit-fed periparturient ewes compared with nonpregnant and nonlactating controls. The peripartum changes in ruminal VFA observed in our study were likely a result of changes in forage intake.
Diet Digestibility. Despite changes in ruminal capacity, DMI, and IADF passage rate, there were no effects of period on DMD ( P > .lo; Table 2 ). Slight decreases in OMD have been reported in late pregnancy (Faichney and White, 1988b) and early lactation in limit-fed sheep (Weston, 1979 (Weston, , 1988a ; however, others have not observed a significant change in diet digestibility during the periparturient period in limit-fed sheep (Coffey et al., 1989; Gunter et al. 1990) or grazing heifers (Vanzant et al., 1991) . Despite decreased ruminal retention time, Faichney and White (1988a) and Faichney et al. (1988) observed increased retention of digesta in the small intestine just before parturition. Such an effect might at least partially moderate effects on total tract digestibility that would be expected given the changes in DMI and ruminal IADF passage rate.
Implications
With beef cows fed chopped alfalfa hay, the observed patterns and magnitude of changes in ruminal capacity and dry matter intake are interpreted as indicating that factors other than ruminal capacity and distension, per se, play a critical role in causing intake changes in the periparturient period. At least one of the ways in which increased nutrient demand is accommodated in the presence of decreasing ruminal capacity prepartum is an increased passage rate. AOAC. 1980 . Official Methods of Analysis (13th Ed.). Association of Official Analytical Chemists, Washington, DC.
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